A goal of pharmacogenetics is to clarify associations between allelic variation and risk factors in psychiatric illness. We report changes in regional brain metabolism based on dopamine alleles. Treatment-resistant schizophrenic subjects were positron emission tomography scanned with 18F-fluorodeoxyglucose after 5 weeks each of placebo and clozapine treatment. Significant regional brain metabolic effects were found for the D1 receptor genotypes (Po0.05), adjusted for multiple comparisons. Metabolic decreases for the 2,2 genotype but not the 1,2 genotype were observed in all major sectors of the brain, with the exception of the ventral parts of the caudate and putamen. Frontal, temporal, parietal, and occipital neocortices showed decreased metabolism as did the cingulate juxta-allocortex and the parahippocampal allocortex. Decreases were also observed in the thalamus, amygdala, and cerebellum bilaterally. No significant metabolic differences by genotype were observed for D3, 5HT 2A , and 5HT 2C polymorphisms. In terms of clinical response, the DRD1 2,2 genotype significantly improved with clozapine treatment, demonstrating a 30% decrease in the Brief Psychiatric Rating Scale positive symptoms in contrast to a 7% worsening for the 1,2 genotype (Po0.05). In this preliminary study, brain metabolic and clinical response to clozapine are related to the D1 receptor genotype. Molecular Psychiatry (2003) The relationship between dopamine and serotonin receptor genotypes, regional brain metabolism, and clinical response to clozapine treatment was the focus of this study. We report the changes in brain metabolism based on dopamine and serotonin alleles following treatment with clozapine. Positron emission tomography scanning using 18 F-fluorodeoxyglucose (FDG PET) has the ability to measure regional brain metabolic response while the subject is performing an activation task. PET has the ability to resolve individual gyri and distinguish subcortical regions from each other. PET can measure brain work because of the close coupling between glucose utilization and neuronal activity. 8, 9 During the FDG uptake, the subject performed an attentional task, the degraded continuous performance task (CPT), activating brain systems related to essential elements of the illness. In this task, subjects view a series of blurred numbers presented a few seconds apart for 30 min. Target numbers appear at intervals and subjects must remain vigilant to detect these targets with a button press. Performance on this version of the CPT has been shown to be abnormal in schizophrenics and their relatives.
A goal of pharmacogenetics is to clarify associations between allelic variation and risk factors in psychiatric illness. We report changes in regional brain metabolism based on dopamine alleles. Treatment-resistant schizophrenic subjects were positron emission tomography scanned with 18F-fluorodeoxyglucose after 5 weeks each of placebo and clozapine treatment. Significant regional brain metabolic effects were found for the D1 receptor genotypes (Po0.05), adjusted for multiple comparisons. Metabolic decreases for the 2,2 genotype but not the 1,2 genotype were observed in all major sectors of the brain, with the exception of the ventral parts of the caudate and putamen. Frontal, temporal, parietal, and occipital neocortices showed decreased metabolism as did the cingulate juxta-allocortex and the parahippocampal allocortex. Decreases were also observed in the thalamus, amygdala, and cerebellum bilaterally. No significant metabolic differences by genotype were observed for D3, 5HT 2A , and 5HT 2C polymorphisms. In terms of clinical response, the DRD1 2,2 genotype significantly improved with clozapine treatment, demonstrating a 30% decrease in the Brief Psychiatric Rating Scale positive symptoms in contrast to a 7% worsening for the 1,2 genotype (Po0.05). In this preliminary study, brain metabolic and clinical response to clozapine are related to the D1 receptor genotype. 4 and ventricular brain ratio. 5 An additional use of structural brain imaging as an intermediate phenotype includes
an association between parietal lobe, but not other major brain regions, volumes, and brain-derived neurotrophic factor (BDNF) alleles. 6 Laruelle et al 7 failed to find an association between D2 receptor binding and alleles at the TaqI-A RFLP site in the D2 receptor gene using single-photon emission computed tomography (SPECT) imaging. Despite their small sample sizes, these preliminary studies provide intriguing data regarding the ability of brain imaging to serve as an intermediate phenotype in pharmacogenetic studies. These studies, however, did not examine the relationship between allelic variation, clinical response to pharmacological treatment, and the intermediate phenotypes as revealed by brain imaging. The relationship between dopamine and serotonin receptor genotypes, regional brain metabolism, and clinical response to clozapine treatment was the focus of this study. We report the changes in brain metabolism based on dopamine and serotonin alleles following treatment with clozapine. Positron emission tomography scanning using 18 F-fluorodeoxyglucose (FDG PET) has the ability to measure regional brain metabolic response while the subject is performing an activation task. PET has the ability to resolve individual gyri and distinguish subcortical regions from each other. PET can measure brain work because of the close coupling between glucose utilization and neuronal activity. 8, 9 During the FDG uptake, the subject performed an attentional task, the degraded continuous performance task (CPT), activating brain systems related to essential elements of the illness. In this task, subjects view a series of blurred numbers presented a few seconds apart for 30 min. Target numbers appear at intervals and subjects must remain vigilant to detect these targets with a button press. Performance on this version of the CPT has been shown to be abnormal in schizophrenics and their relatives. 10 Unlike fMRI (functional magnetic resonance imaging) and SPECT, FDG PET allows for absolute quantification of metabolic activity. Further, being able to separate FDG uptake from the scanning procedure allows for enhanced control of the experimental variables.
Clozapine is a pre-eminent atypical antipsychotic agent, 11 and is effective in at least one-third of patients who have failed to respond to conventional antipsychotic treatment. 11, 12 It is an effective antipsychotic agent without causing the extrapyramidal motor side effects that are observed with conventional antipsychotic agents. The mechanism of action of clozapine's unique clinical efficacy is unknown. The major hypotheses put forth to explain clozapine's mechanism of action are the balance between 5HT2 and D2 receptors 13, 14 and the D1/D2 receptor balance. 15 PET scan receptor occupancy studies demonstrate that clozapine has the least D2 binding and the most D1 binding of the antipsychotic compounds. 16 In our study, significant results were found for the D1 receptor genotypes and all these differences were metabolic decreases following clozapine. Figure 1 demonstrates the average metabolic difference before and after clozapine treatment by genotype. Each image is the average of seven individuals with 2,2 genotypes, or eight with 1,2 genotypes. Statistically significant metabolic changes are demonstrated on a representative brain slice for each level. For the 2,2 genotype group, significant metabolic decreases were observed bilaterally and in all lobules of the neocortices and allocortices in the frontal, temporal, occipital, parietal lobes, cingulate cortex, amygdala, and parahippocampal gyrus. Some decreases were also seen in the thalamus, cerebellum, as well as the dorsal caudate and putamen; however, the ventral sectors of the striatum did not exhibit any metabolic changes. In contrast, the 1,2 genotype showed a few significant metabolic decreases limited to the left dorsolateral prefrontal cortex, and temporal tip and parietal sensory/ideational speech areas bilaterally following treatment with clozapine. A single metabolic increase in the right inferior temporal cortex was also observed. A separate analysis contrasting the 2,2 and 1,2 genotypes following clozapine was conducted. The patterns of differences observed in this analysis (data not shown) are in the same areas and metabolic direction as the analysis in Figure 1 , Figure 1 Brain metabolic changes following clozapine treatment by DRD1 genotype. The top row represents the metabolic changes following clozapine for the 2,2 DRD1 homozygotes and the second row represents the corresponding metabolic changes for the 1,2 DRD1 subjects. The columns represent the levels corresponding to the Matsui and Hirano stereotaxic atlas. Each figure represents the statistically significant changes following clozapine corrected for multiple comparisons by the Monte Carlo procedure superimposed on an average MRI. The flame scale is a p map in which red colors indicate areas that have significantly higher metabolism following clozapine treatment compared to baseline while blue colors indicate areas that have significantly lower metabolism compared to baseline. The 2,2 DRD1 homozygote patients have statistically significant metabolic decreases in frontal, temporal, parietal, and occipital lobes. Decreases are also observed in the cingulate gyrus, parahippocampal gyrus, amygdala, thalamus, and cerebellum. The 1,2 heterozygotes have metabolic changes confined to the left dorsolateral prefrontal, bilateral temporal tip and sensory/ideational speech areas, and right inferior temporal cortices after clozapine treatment. The 2,2 DRD1 homozygotes have responded to clozapine with a 30% BPRS symptom score improvement compared to a 7% worsening for the 1,2 DRD2 subjects (Po0.05).
with a slightly smaller area of activation. The allele frequencies for all four loci were consistent with those previously published. 17 No significant metabolic differences by genotype were observed for the D3 (Ser9gGy), 5HT 2A (T102C), and 5HT 2C (Cys23Ser) polymorphisms.
The ventral striatum, which is relatively enriched in D3 receptors, showed no metabolic changes following clozapine. In contrast, the cortex, rich in D1 receptors, absolute and relative to D2, D4, and D5 receptors, showed the greatest metabolic decrease. This is consistent with the finding that D1 receptors are excitatory to pyramidal neurons in the cortex. 18 In addition, D1 receptors are excitatory to medium spiny neurons of the striatum. Clozapine blocks these D1 receptors more than other antipsychotics and, therefore, should cause less cortico-striatal and nigrostriatal excitation in these dorsal striatal regions than other antipsychotic compounds, which is consistent with our observed metabolic decreases. It may be that treatment-responsive patients have a greater number of D1 receptors or altered D1/D2 synergy compared to treatment-unresponsive patients. This possibility has yet to be investigated. An alternative explanation emphasizing the relatively greater metabolic changes observed in the D1 2,2 homozygotes in the cerebellum and thalamus, areas rich in serotonergic but not D1 receptors, could implicate the D1-serotonergic balance as an important differentiating characteristic.
In terms of clinical response, the DRD1 2,2 genotype schizophrenic patients significantly improved with clozapine treatment, demonstrating a 30% decrease in Brief Psychiatric Rating Scale (BPRS) positive symptoms. In contrast, the 1,2 genotype showed a worsening of 7% for the BPRS positive symptoms (Po0.05). There were no statistically significant pre-clozapine treatment baseline differences in total BPRS score for the 2,2 and 1,2 groups (t ¼ 0.061, NS) or CGI (t ¼ À0.087, NS). The ages for the two groups were similar (36.178.3 for the 2,2 group and 33.475.2 for the 1,2 group; t ¼ À0.79, NS). The 2,2 group consisted of six males and two females, all right-handed; the 1,2 group consisted of seven males, all right-handed. There was no significant difference in CPT performance during FDG uptake (D 0 ¼ 2.7070.65 for the 2,2 group and 2.5370.49 for the 1,2 group; t ¼ À0.48, NS).
We have previously demonstrated that clinically effective doses of clozapine decrease brain metabolism, especially in the frontal and temporal lobes. 19 Furthermore, we have shown that the phenotype of brain metabolic response to clozapine is stable over 12 weeks (Potkin et al, unpublished data) . In the present study, we have demonstrated that brain metabolic response and clinical response to clozapine are related to DRD1 receptor genotype. The limitations in this study are related to small sample size, especially for genetic studies. This precluded us from analysing deviation from Hardy-Weinberg equilibrium. The sample was limited to treatment-resistant schizophrenic patients, and, therefore, may not generalize to other subgroups of schizophrenic patients. There were two African Americans who may have influenced particularly the D3 analysis by introducing more genetic heterogeneity. There do not appear to be significant differences in allele frequencies across ethnic groups for the DRD1 polymorphism (Kennedy et al, unpublished data). We were able to detect metabolic and clinical differences between the 1,2 and 2,2 DRD1 genotypes. The rarer DRD1 1,1 homozygote genotype did not occur in our sample.
Future studies could include direct measurement of DRD1 receptor number and affinity. D1 receptors were reduced in the prefrontal cortex of drug-naive and drug-free schizophrenic patients, 20 but were not measured in treatment-resistant patients nor evaluated with regard to treatment response. Future D1 receptor PET studies might help to explain the failure of the 1,2 genotype to respond to clozapine. However, failure to respond to treatment is likely to be more complex than receptor number and involve multiple brain systems' responses to pharmacological intervention. Nevertheless, the approach of combining pharmacogenetics with brain imaging offers the potential for understanding clinical response to treatment and, importantly, helps define intermediate phenotypes for future genetic studies. It is hoped that using brain imaging to define intermediate phenotypes will help clarify the heterogeneity in the illness(es) we call schizophrenia.
Materials and methods

Sample
Fifteen treatment-resistant subjects (13 men, two women) meeting DSM III-R criteria for schizophrenia participated in this study. A retrospective review of their charts confirmed that these subjects would have also met DSM-IV criteria. The subjects were 33.7 7 7.5 years of age, and two were African American. All were recruited from Metropolitan State Hospital (Norwalk, CA, USA). Informed consent was obtained from the subjects or their conservators.
Study design
Subjects received 5 weeks of daily placebo and 5 weeks of daily clozapine. The treatment was doubleblind and the order randomly assigned. Subjects were blindly rated weekly by experienced research psychiatrists using the BPRS. The average number of days from the start of clozapine treatment to PET scan was 39.2710.1. The mean dose of clozapine per day was 460711 mg. The average number of days of placebo treatment was 32.279.9. The mean BPRS score following placebo treatment was 43.2711.7 and 35.579.8 following clozapine treatment (t ¼ 3.38, Po0.003).
Positron emission tomography Changes in regional brain activity were imaged as glucose metabolic rate using FDG that had been DRD1 alleles predict PET correlates of clozapine SG Potkin et al prepared in the University of California, Irvine, cyclotron as described elsewhere. 21, 22 Nine planes (Computer Technology Inc. NeuroECAT, Boston, MA, USA) at 10-mm increments and parallel to the canthomeatal line were scanned between 45 and 100 min after FDG injection. The measured resolution of the scanner was 7.6 mm in plane and 10.9 mm in the z-dimension (axial). A calculated attenuation correction and smoothing filter were used. Each subject's PET data were spatially normalized into a standard brain so that voxel-by-voxel comparisons could be made between subjects following methods similar to those of Friston et al. 23 Results were displayed on standardized MRI based on the Matsui and Hirano 24 stereotaxic brain atlas. Voxels with statistically significant t-test differences at Po0.05 are displayed. Anatomical localization was accomplished through the concordance of Talairach and Tournoux coordinates and regions of interest (ROI) determined by an in-house probabilistic brain atlas following confirmation by a neuroanatomist (JF) who was blind to the group assignments. A resamplingbased image cluster analysis (discussed in greater detail in Wu et al 25 ) was used to estimate the probability for a given profile of contiguous connected clusters exceeding the threshold of Po0.05 (37 voxels). The probabilities of a given size contiguous cluster were assessed using this distribution. Monte Carlo simulations using sample sizes corresponding to the n's in our comparisons were run using our normal control pool with 100 random drawings to determine empirically the distribution. 26, 27 The Monte Carlo simulation protected against Type I errors due to multiple comparisons. All significant voxels whose cluster sizes were less than the threshold cluster size were thus eliminated.
Genetic analyses DNA was extracted from blood samples using the high-salt method and polymerase chain reaction (PCR) was performed to obtain genotypes in a standard fashion. The coding region of the DRD1 receptor gene has been scanned for polymorphic sites, but none so far has provided enough polymorphism information content to be useful in genetic studies. The DRD1 polymorphism that we used is recognized by the restriction enzyme DdeI and is located about one kilobase upstream of the initiation codon. PCR amplification was done according to Sunahara et al. 28 The DdeI restriction fragments were visualized using agarose gel electrophoresis. No studies have yet been carried out to determine whether this site alters promoter function. The other polymorphisms examined were D3 receptor MscI Ser9Gly polymorphism, 29 and the serotonin 2A and 2C receptors. The serotonin 2A polymorphism that was typed is a T/C variant located at nucleotide position 102 (using an adapted protocol 30 ). The serotonin 2C receptor polymorphism was the cysteine-to-serine substitution at amino acid position 23 (using an adapted protocol 31 ).
Statistical analyses
For each receptor, the subjects were divided on the basis of genotypes. Infrequent genotypes such as the DRD1 1,1 homozygote were not included in the analysis. Additionally, PCR amplification was not successful for some samples or sufficient subject DNA was not available. In total, there were 15 samples available for DRD1, 15 for D2, 12 for D3, and 11 for DAT. The percentage change in clinical symptoms as assessed by the BPRS between genotypes was computed by t-tests. The absolute regional metabolism before and following clozapine treatment was calculated for each genotype using ANOVA with appropriate constraints for repeated measures and Type I error.
